Research over the past decades has revealed copious knowledge of the basic properties of visual, vestibular and oculomotor processing as well as their interactions in the brainstem, cerebellum and cortex. In addition, recent developments in computer science and soaring computational power greatly expanded the possibilities to study eye movements in a broader context, including the investigation of cognitive functions. Preliminary results show that eye movements indeed provide a rich window into a person's sensory processing, intentions and thoughts. Moreover, cognitive visuo-motor processing seems to obey strict rules, and the eyes -after all -may not roam about as freely as one might think.
Introduction
The spectacular symbiosis between the visual, the vestibular and the optomotor system, each of which is a miracle on its own, is able to solve an abundant array of amazing tasks. In particular, the connection between low-level vision, visual perception and the oculomotor control is most intriguing, as the eye simultaneously performs both the input and the output. Altogether, it is not surprising that the implementation of these intricate neuronal and neural networks encompass almost each and every part of the brain. Moreover, these systems are probably amongst the best investigated so far; and enormous knowledge was amassed over the last decades employing a variety of techniques from single cell recordings, optical imaging, eye-movement recordings, functional magnetic resonance imaging, to neuropsychological examinations. In addition, this research has enlightened many fundamental principles of neural and neuronal processing, which subsequently have enriched other fields of brain research as well as computational neuroscience [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Visual input and perception
Light entering the eye is projected onto the retina, where it is converted into an electrical signal by the photoreceptors. A geometrically well-defined array of these highly specialised cells connects via an intrinsic local network to one single ganglion cell, thus implementing the first receptive field of the visual system. Consecutively, signals of retinal ganglion cells are transmitted through their axons, which together form the optic nerve, to the optic chiasm in front of the pituitary gland, where half of them are cross routed: axons from the temporal half of one retina join axons from the nasal part of the other retina in the optic tract. Axons from the temporal retina remain ipsilateral. Hence, visual objects in one hemifield, which are project-ed nasally onto the ipsilateral retina and temporally onto the contralateral retina, are processed in contralateral central visual centres with information coming from both retinae. The optic tract projects to three major subcortical structures: -The pretectum controls the pupillary reflex. -The superior colliculus controls saccadic eye movements. -The lateral geniculate nucleus is the major relay for input to the visual cortex. Signals for each geniculate cell are sampled from a distinct ensemble of ganglion cell axons, which establishes the next layer of receptive fields. Finally, axons emerging from geniculate nuclei are projected onto layer 4 of the striate (primary) visual cortex (Brodmann area 17), which is located at the pole of the occipital lobe. Here, visual information -already partially segregated into simple graphical categories -is further analysed [14] [15] [16] . In parallel, even more specialised receptive fields sample primitive graphical properties -such as colour, form and size, position and orientation, speed, as well as depth and disparity -of visual objects, which, in turn, are transmitted to various dedicated areas in the extrastriate visual cortex (Brodmann areas 18, 19, and 37) [2, 4, 17, 18] . Each of these many regions reconstructs a purpose-filtered map of the visual world or attended parts of it. Connected to other cortical areas, this information will be used to solve such complex tasks like face recognition, target selection, processing of target motion and optic flow patterns, computation of the direction of heading, generation of eye and limb movements, and many more. In particular, L. Ungerleider and M. Mishkin defined two anatomically distinct major pathways [19] : -Occipito-parietal regions form the ventralor "where" -pathway, which subserves spatial vision. These regions are also referred to as the "how" pathway, which subserves all visually guided action by implementing visuomotor transformation [3] . -Occipito-temporal regions form the dorsalor "what" -pathway, which subserves object vision. Altogether, it is important to realise that the visual system first splits the contents of the visual world into various simple graphical categories in order to then reconstruct many filtered versions of it that are used in parallel to solve a variety of cognitive and motor tasks. Moreover, it implies that no single region of the brain represents the visual world the way we psychologically perceive it: as a whole entity. Rather, there are many representations of it throughout the brain, which explains at once the variety of clinically distinct signs and symptoms in connection with different focal cortical lesions [8] .
Eye movements
The paramount goal of the oculomotor system is to keep the fovea, the most sensitive part of the retina, on the selected target of interest despite various visual and vestibular disturbances. Six distinctly different control systems have emerged to accomplish the chore. They employ the two following principal classes of gaze control mechanisms [20, 21] .
-Reflex gaze-stabilisation mechanisms:
Vestibulo-ocular eye movements counteract brief head movements (acceleration domain) and are driven by the vestibular system (vestibulo-ocular reflex, VOR).
Optokinetic-ocular eye movements counteract sustained head movements (velocity domain) and are driven by the visual system (optokinetic reflex, OKR). -Intentional gaze-shifting mechanisms:
Saccadic eye movements rapidly shift the fovea from one object to another across the visual background.
Smooth pursuit eye movements keep the fovea on a moving target along its complex 3-dimensional trajectory through the visual surroundings.
Vergence eye movements, only evolved in binocular vertebrates, add a signal to all other eye movements to differentially move each eye if the point of fixation changes in depth. Fixation freezes the eye at a given position for intent gaze and intense observation and actively suppresses all other eye movements.
In particular, saccades have very intensely been studied in a wide range of contexts over the past decades. They are stereotyped, very quick and precise, machine-like eye movements that bring a novel target of interest onto the fovea and allow exploring the world in a sequence of fixations.They are elicited both reflexively and volitionally in a variety of contexts and tasks.
Saccades are spatially triggered by a mutually inhibitory push-pull mechanism of premotor omnipause and burst cells, which are part of the brainstem oculomotor system. However, given the broad range of involvement of saccade-class eye movements in almost all aspects of highly developed oculomotor behaviour, it seems obvious that additional layers of input, particularly from
the cerebral cortex, which governs cognitive behaviour, memory, attention, and decision making, exert control on their execution. Cortical -including extrapyramidal -requests for saccades are mediated by the superior colliculus (SC). Figure 1 shows a simplified synopsis of higherorder saccade processing [22] : both omnipause and burst cells receive retinotopically organised input directly from the frontal eye fields (FEF) and the superior colliculi.A complex neuronal network of the different layers of the superior colliculus itself is integrating direct retinal input (R) and various competing subcortical signals, as well as cortical signals emerging from striate and extrastriate visual areas, e.g. V2 (Brodmann area 18), the parietal eye fields (PEF), and mainly the frontal eye field with its direct as well as (caudally inhibitory) indirect pathway through the substantia nigra pars reticulata (SNpr) [23, 24] . At this level, a similar push-pull interaction between the discharge activity of rostral fixation neurons and more caudal buildup neurons, which are anatomically connected to the omnipause and burst cells respectively, decides whether and where a saccade should be made. During visual fixation, fixation neurons activate omnipause cells, which prevent burst cells from eliciting an unwanted saccade.After appearance of a novel visual target (T), retinotopically matching buildup neurons, which activate burst cells, start firing while fixation neurons and omnipause cells are gradually inhibited [25] . Finally, if activity of a confined cluster of buildup neurons overrides the activity of the fixation neurons, the burst cells move the eyes to the spatial location coded by this particular cluster. However, while a novel visual target conveys the movement signal to a possible new target, and therefore reflects and fully employs premotor computation of the metrics for an appropriate saccade, this process by itself does not guarantee the triggering of an eye movement, since the neurons in the superior colliculus (fixation neurons and buildup neurons) are functionally not tightly connected with their respective counterparts in the brainstem oculomotor system (omnipause and burst cells) [26] . Instead, this mechanism ensures that prior to each movement a target map is generated and an attention mechanism is engaged (covertly) that is necessary for the selection process by enhancing the response to relevant features [27, 28] . Hence, the superior colliculus acts as a complex sensorimotor engine processing command signals for the eye movement in parallel with resolving conflicts in target selection occurring at various cortical levels by competitive inhibition. The occipital cortex contributes with feature maps Figure 1 Simplified diagram of oculomotor behaviour during an intended saccade, which would result in a gaze shift from the current point of fixation (F) to a novel target (T) (modified after [22] ). See text for details. The retinotopically organised superior colliculus (SC) consists of a sensor y, intermediate and motor layer and is an important computational relay between various cortical and subcortical structures that require access to the brainstem saccade generator. It is able to prepare and maintain a map of many possible saccades, one of which may be released employing a ver y efficient and elegant push-pull mechanism between its fixation neurons and the corresponding omnipause neurons (located in the nucleus raphe interpositus close to the pontine midline), as well as its peripheral buildup neurons and their corresponding burst neurons (located in the paramediane pontine reticular formation [PPRF] and mesencephalic reticular formation [MRF]). Hence, shifting the focus of attention is either overt and produces a saccade, or it is covert, in which case the saccade is computed but not executed and fixation is maintained. Furthermore, it indicates that both the network for generating saccades and the network subser ving attentional mechanisms at least in part share the same pathways. T = novel visual target; F = current point of fixation; PEF = parietal eye field; FEF = frontal eye field; R = retinal input; SNpr = substantia nigra pars reticulata; BUN = buildup neuron; FN = fixation neuron; SC = superior colliculus (all layers merged); c = caudal; r = rostral; BOMS = brainstem oculomotor system; BG = burst-generator neuron; OP = omnipause neuron. Heights of Gaussians indicate discharge activity of a cell cluster.
extracted by pre-attentive segmentation, while the parietal eye field reconstructs an observer-centred frame of reference from various spatial maps (visual, vestibular and somatosensory) and engages in the selection process by enhancing signals coding seemingly important objects. In addition, the frontal eye field provides signals to the attention system that represent further weighting of relevant location vectors from the parietal eye field in view of the behavioural context composed of a memory trace of previous motor outputs as well as expectancy and intention.
Cognitive eyes
It is well known that eye movements provide an exceptionally informative component of observable human behaviour and allow us to perceive what others have in mind [29] . Unfortunately, basic research has not yet been able to fully elucidate the rules of such cognitive gazing -or -to bridge the gap between perception and the associated oculomotor output. Due to new developments in computer science and increase in computational power, however, it became feasible to use eye movements to analyse cognitive processes in a broad context. Using the mathematics and models to describe and identify stochastic processes, this research has supplied provocative insight in a number of fields such as reading of words and mathematical equations as well as human-machine interfaces, and thereby has further enhanced our knowledge of higher-order visual processing. In particular, the application of hidden Markov models [30] to eye-movement protocols -sequences of eye-gaze locations recorded at high spatio-temporal resolutions during complex tasks -has revealed paramount features and inherent processing characteristics in gazing during tasks hitherto considered purely probabilistic. Hence, the eyes -after all -do not move about as freely as assumed. Moreover, deviations from implied properties give new insight into a host of different cortical pathologies, and will greatly enhance the diagnostic tools.
